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DNA Repair Processes Protect Human Beings from Premature Solar Skin. 
Damage: Evidence from Studies on Xeroderma Pigmentosum 
JAY H . ROBBINS, M.D., AND ALAN N . MOSHELL, M.D. 
Dermatology Bmnch, National Cancer Institu.te, National Institu.tes of Health, B ethesda, Maryland, U.S.A . 
The repair of DNA damage by ultraviolet light is d e-
fective in the hereditary disease xeroderma pigmento-
sum. A d eoxyribonucleotide excision-proficient form and 
several excision-deficient forms of xeroderma pigmen-
tosum have been identified. Premature solar skin dam-
age develops in all xeroderma pigmentosum patients. 
Some patients also have n eurological abnormalities 
caused by premature death of n erve cells. This abnormal 
aging of the central nervous system and of s un-exposed 
skin appears to be the result ofthe abnormal DNA repair 
processes. Clinical, biological, and physicochemical 
studies on DNA-rep air-dependent processes and on the 
DNA repair d efects in xeroderma pigmentosum are elu-
cidating the mechanisms by which such abnormal aging 
is prevented in normal human beings. 
Xeroderma pigmentosum (XP) is a n autosomal recessive 
disease in which patients exposed to small a mounts of sunlight 
rapidly manifest skin changes resembling the chronic solar 
damage [1-4] that occurs in normal persons who have received 
excessive sun exposure over many years [4-7]. Such cutaneous 
damage com prises degenerative changes including atrophy of 
the epide rmis; "solar degeneration" of the dermis; and devel-
opment of pigmentation abnormalities, telangiectases, actinic 
keratoses, and cutaneous malignancies [1- 3,5-7]. The primary 
pathogenetic abnormali ties in XP ar e inheri ted defects in DNA 
repair mechanisms [1,8-11]' Even though individuals without 
XP do not have such inherited defects, it seems highly probable 
that at least some of the clu'onic sola r damage to their skin 
develops through physicochemical pathways similar to, if not 
ident ical with, those producing the damage in the skin of XP 
patients [1,12]. Thus information obtained from studies on XP 
patients a nd their cells may elucidate mechanisms resulting in 
solar damage in normal persons. 
One aspect of the definition of "aging" expounded by Mon-
tagna a nd Para kkal (13J is especia lJy pertinent to the premature 
development of chronic sola r damage in XP patients. " 'Aging' 
may mean either growing old or maturation. S ince [in the 
former contextJ the word usually connotes loss of function, so-
called age changes often apply to degenerative alterations 
rather than to those that are an integra l part of the normal 
development of tissues. In this discussion; age changes encom-
pass a ll of these, from embryonic life through senescence." In 
light of this definition, the premature solar skin degeneration in 
XP patients can properly be r eferred to as an abnormal aging 
of the skin . S imilarly, the premature death of neurons that 
results in t he neurological abnormalities present in certain XP 
patients [1 ,8,14] is also properly considered a n a bnormal aging 
process [1]. The abnormal aging of XP skin a nd of the XP 
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central ne rvous system is the resul t of inherited defects in the 
patients' DNA repa ir processes. However, since XP patients 
differ relevantly from other human beings on ly by virtue of 
their homozygosity for certain mu tations in genes controlling 
DNA repair processes, we can conclude that certain levels of 
t he functional capacity of t hese gene loci are required for the 
prevention in all normal human beings of the premature aging 
that occurs in XP patients. 
HISTOLOGY OF SUN-EXPOSED SKIN 
Figure l(A-C) consists of photomicrographs of skin obtained 
by therapeutic dermatome shaving of the right forearm of 
patient XP1BE* of the National Institutes of H ealth XP patient 
series [1). Photographs of this patient have been presented 
elsewhere [1 ,15,16]. The skin , which showed clinical evidence 
of sola r damage, including pigmented macules (" XP freckles" ), 
was obtained when the patient was 28 yr of age . She had been 
avoiding sun exposure of t his area for at least the previous 15 
yr. The epidermis was thin, showed no significant cellular 
atypia, and had no r ete pegs (Fig 1A). There were irregular 
accumulations of melanin in the basal ceU layer in the absence 
of a ny marked increase in the number of melanocytes (Fig IB) . 
E lastic tissue staining showed elastotic changes (Fig 1C) appar_ 
ently simila r to degenerative changes, observed in chronic sola)' 
degeneration of t he dermis of normal individua ls , caused by 
many years of excessive sun exposure [5-7]. 
F igure 2 is a photomicrograph from a biopsy sample of a 
pigmented macule from the patient's left posterior calf when 
she was 28 yr old. The epidermis had blunt rete ridges a nd an 
increased number of melanocytes. Some of these melanocytes 
showed nuclear atypia. There was basophilic degeneration in 
some a reas of the dermis (asterish,s). 
Figure 3 shows a flat pigmented lesion from the inner aspect 
of the midthigh of this patient. This biopsy specimen was also 
obtained when she was 28 yr old. Although this portion of h er 
thigh had been protected from sunlight for the previous 15 yr, 
it conta ined numerouS hyperpigmented macull'ls. There were 
elongated club-shaped rete ridges (Fig 3A) with numerou 
melanocytes a nd a nonspecific dermal infiltrate, including nu-
merous melanophages (Fig 3B, arrows). M ela nin granules wel'e 
present throughout the basal ceU layer (Fig 3B). This lesion can 
be classified as a senile lentigo [17]. 
Because such hyperpigmented macules (Fig 1-3) in XP pa-
tients occur on sun-damaged skin, have abnormalities in t heir 
rete peg configuration, do not apparently fade significantly even 
during the 10 yr after sun exposure, a nd contain a markedly 
increased number of melanocytes, t hey shou ld not be consid-
ered freckles [17). Such lesions may represent the spectrum of 
• In pa rtial accorda nce with an internationa l effort to standal'dize 
nomenclature of ce ll strains from patients with heredital'Y diseases, our 
designation of XP 1BE signifies both the patient and the fibroblast 
s trains derived from the patient: XP, xeroderma pigmentosum; 1, l si 
patient of our XP patient series; BE, Bethesda, Maryland, where the 
patient was examined and characterized clinicaUy. Our patients' fibro· 
blast s tra ins and Epstein-Barr virus-transformed lymphocyte cellliIles, 
identifiable under this standal'd ized nomenclature, are availab le from 
the American Type Culture Collection, 12301 Parklawn Drive, Rock· 
ville, Maryland 20852, and from the Human Genetic Mutant Cell 
Repository, Copewood and Davis Streets, Camden, New J ersey 08103. I 
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F IG 1. Dermatome shaving of forearm of patient XP IBE. A, Rete pegs are absen t. T he de rmis shows an e longated te langiectatic vessel. 
H ematoxylin and eosin staining (x 40). E , Fontana-Masson stain of section from same shaving showing irregular accumulations of melanin in 
basal layer (x 40). C, Verhoeff-van Gieson elastic tissue sta in showing elasto tic changes in t he dermis (x 40). 
sunligh t -induced mela nocytic cha nges [4,18] that can progress 
to maligna nt mela noma [19]. 
Patient XP1BE has had 202 skin biopsies during the 10 yr 
she has been t reated at the National Institutes of Health . Of 
th e samples, 37 were classified as squamous cell neoplasms 
ranging from actinic keratoses (2 of the 37) to anaplastic, 
invasive squamous cell car cinomas. Most actinic keratoses were 
treated without biopsy, and well over 100 such lesions were so 
t reated during t hese 10 yr. Thirty-five other samples were basal 
cell car cinomas. Of extreme interest were the 49 pigmented 
lesions, which included classical senile a nd juvenile lentigos, 
nevi, lentigo maligna (Hutchinson's fr eckle), lentigo maligna 
mela noma, and noclulm' and superficial spreading maligna nt 
m ela nomas. Thjs patient has also had 7 keratoacanthomas. 
Each of her tumors was histologically s imilar to the same type 
of tumor in non-XP patients. It is very proba ble t hat she has 
had m ore documented, biopsy-proven cutaneous neoplasms of 
differen t cell types than any other person. 
CLASSIFICATION OF EXCISION-DEFICIENT 
XERODERMA P IGMENTOSUM PATIENTS AND 
VARIANTS 
T he ultraviolet light (UVL) radiation in sunlight that reaches 
the sur face of the earth and that damages the DN A of skin cells 
is predominantly in the. UV-B spectral region (290 nm to 320 
nm) [5,20,21]. Al though such radiation produces several types 
of damage to DNA [22,23], one of the most important of t hese 
lesions is the pyrimidine dimer [24] that resul ts when a cyclo-
bu tane ring is formed covalently between adj acent pyrimidines 
on t he same DNA stra nd [1]. The most commonly formed 
pyrimidine dimer is that formed between 2 adjacent t hymine 
bases. S uch da maged DNA is normally repa iJ'ed by a nucleotide 
excision repair process [25]. In this process an endonuclease 
makes an incision in the climer-con taining D NA strand, an 
exonuclease removes the dimer and its neighboring nucleotides, 
and a DNA polymerase, using the intact, complementary D NA 
strand as a template, fills in the resul t ing gap. The newly 
synthesized, repaired segment is t hen connected to the undam-
aged por t ion of its strand by a DNA ligase. One can monitor 
t he steps through insert ion of new nucleotides by measuring 
the ra te a t which radioactively labeled thymidine is incorpo-
rated into the repaired segments dur ing cell cycle phases other 
than the normal, scheduled phase of DNA synt hesis. When 
such incorporation is measured autoradiographically, the repair 
process is referred to as UVL-induced unscheduled DNA syn-
t hesis (UDS) [1). Cells from most XP patients cannot perform 
such UVL-induced UD S at a normal rate [1,8] and are t herefore 
classified as excision-deficient. In a nother form of XP, the 
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riC 2. Hematoxylin a nd eosin section o r pigmented mac~ l e fI'om left ca lf. The stratum corneum is compact a nd par akeratotic. There a re mot, 
melanocytes 111 th e basa l laye r than in t he basa l layer of normal, nonpigmented s kll1. Some areas of bHsophihc degenemllOn are apparen \ 
(surrou nd ing asterisks) in the dermis (reduced from x 40). 
"variant" form, UVL-induced UDS occurs at a norma l rate 
(1,8,26], but the cells have a severe defect that is manifested 
after UVL irradiation in t he normal, scheduled phase of DNA 
synthesis (i.e., t here is a defect in posb'eplication repair) (27]. 
Most excis ion-deficient XP patients also have a simila r, but less 
severe, defect in such postreplication repaiJ [28]. 
The excision-deficient XP patients can be classified further. 
By fusing in vitro cell st rains from various pail's of patients, one 
can determine whether each stra in from t he pair can compen-
sate for the defect in UVL-induced UDS in the other stra in 
[1,29]. Such mu tual compensation, referred to as "complemen-
tation," implies t hat the complementing cells diffe r from each 
other in having different gene products tha t a re defective. 
Strains that complement each other are sa id to be in ditTerent 
complementation groups. When stra ins fail to complemen t each 
other, they are sajd to belong to the same complementation 
group. The most likely, bu t no t the only, expla nation for a lack 
of complementation between s trains is that the same DNA 
segment is abnormal in the noncomplementing strains. There 
are currently 7 known complementation groups, designated A 
through G [1,29- 34]. Each of groups A, C, a nd D has numerous 
kindreds, but each of groups B, E, F, a nd G contains only one 
kindred . 
Patients in group A can have numerous, severe neurological 
abnorma lities of XP, few abnormalities, or none at a ll [1,8,141-
Only 1 of the many group C patients had neurological abnor-
malities of XP (i.e., microcephaly a nd mental retardation) 
[8,35,36], a nd it was not possible clinically to determirie whether 
these few abnormali ties were, in fact, re lated to her XP or were 
simply co incidenta l. The XP patients in a ll 5 confirmed group 
D kindreds had numerous neurologica l abnormalities of XP 
(1,14]. Further details concerning the characteristics of these 
complementation grou ps have been presented in r ecent publi-
cations (1,8,9,14,28,37]. 
From studies on the post-UVL colony-forming ability of XII 
cells [8,14] and UVL-induced sister ch.romatid exchange~ 
[38,39] , there is now substantial evidence that the patien~ 
within complementation group A had different mutation~ 
within the same nucleotide sequences tha t determined assign, 
ment to group A. S imilar evidence has indicated such genetiQ 
heterogeneity among the group C strains also . This genetic 
hete rogeneity among stra ins within a complementation group 
suggests that genetic polymorphism (i.e., multiple mutant al, 
leles) may occur within a given DNA repail' locus. 
THE RELATIONSHIP OF INHERITED DNA REPAIR 
DEFECT S TO XERODERMA PIGMENTOSUM 
Survival of Xeroderma Pigmentosum Cells after Ultraviolet 
Light Radiation 
We expected that the capacity of an XP stra in to restore it 
damaged DNA to a state in which its cells co uld sUI"Vive and 
multiply would ha ve importa nt biological consequences. Thi 
expectation was strongly supported by our observation that the 
post-UVL colony-forming ability of XP strains was correlated 
with the age of onset and severity of the patients' neurological 
abnormalities [8,14,35,36,40]. Thus, as shown in Fig 4, the most 
sens itive stra ins were derived from patients with an early onset 
(++++) of numerouS neurological abnormalities. Less sensitive 
stra ins were derived from patients with a later onset of neur o· 
logical abnormalities (+++ and +), and the most resistant 
strains were derived from patients without neurological abnor-
malities. \ 
These facts suggest that XP patients with neurological ab-
normalities have DNA repair processes that are so defective 
t hat neuronal DNA, perhaps damaged by an endogenous chem· 
ical, is not r epail'ed to an extent compatible wi th neuron sur· 
vival. The damaging UVL of 290 to 320 nm that reaches thpl 
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fro~G a. H ematoxylin and eosin s ta ined section of pigmented macule 
nonsp~~:dt.high . A, N~te the elongated. ~Iub-shaped rete pegs a nd 
160) f fie dermal Infil t rate (x 40) . B, HIgh-power mag111ficatlOn (x 
and dO area of aA, showing numerous mela nocytes in the basal layer 
ermalmela nophages (some are indicated by a.rrows). 
Surface f h 
syst 0 t e earth does not penetrate the central nervouS 
by t~~' However , XP cells that cannot repai.r DNA damaged 
tnal! IS harmful UVL radiation are also unable to repair nor-
[1,9 Xlsome types of DNA damage caused by certain chemicals 
che~ ' -43]. A more detailed discussion of how endogenous 
logic~cals might ?~mage neuronal DNA and cause the neuro-
[8,14]. abnormalitIes of XP has been presented elsewhere 
In Ou 
patientsI' post-UVL col~ny-forming experi.me~~s. [14,44], .Xp 
(i.e ski wh.o had expenenced acute sun-sensItivIty reactIOns 
\Vo~ld n n blIstering, severe erythema ~fter a sun .exl?o~ure that 
both) \V ot have pr~duced such results In normal Indlvlduals, ~r 
tive t Ure the pa tients whose fibroblasts were the most sensl-
1'h 0 yL radiation. 
rePre at lffipairment of the post-UVL colony-forming ability 
and sen~s a form of "cell death," i.e., the inability to sW'vive 
lYrn:hohferate, is supported by preliminary studies [45] with 
patien~~yte cell lines derived by the transformation of XP 
Phocyt s B lymphocytes with Epstein-Barr virus. These Iym-
tneasu e cell lines had the same relative post-UVL survival, as patien~d by exclusion of the vital dye trypan blue, as the therrnorefi~roblasts' post-UVL colony-forming ability [14]. Fur-
nUtnb ' In the lymphocyte experiments, a measure of the 
taineder1'0f c~lls actually killed by UVL radiation was ascer-
cells aft h.e hnes with the smallest surviving fraction of living 
We her lrradiation had the greatest number of dead cells. 
Prernat aVe not yet been able to rela te the degrees of the 
the de Ure clu'?nic solar damage present in XP patients' skin to 
any in gr.ees of lmpairment shown by the patients' cell strains in 
be ob Vltro tests of DNA repair [1,8). Such a correlation would 
scured by difficulties in assessing such chronic damage 
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FIG 4. H eterogeneity of post-ultrav iolet-light (UVL) colony- forming 
ability of xeroderma pigmentosum (XP) fibroblasts a nd its rela tionship 
to t he patients' neurological abnormalities. (The stra ins represen ted by 
t he sha.ded a.rea.s for t he cont rol donors. XP variants, a nd groups C, D , 
and A are iden tified in reference 14.) Strains XP12BE, XP1LO, and 
XP8LO are in group A [14]; strain CRL 1333, in group C [8,35,36,58]; 
and stra in XP2RO, in group E [14,31]' LO = London; RO = Rotte rdam. 
The number a nd age of onset of neurological abnormalit ies are indi-
cated by t he following symbols: ++++, numerous abnormali t ies clini-
cally ma nifested by 7 y r of age; +++, numerous abnorma lities clinica lly 
ma nifested between 7 and 12 yr of age; +, only 2 abnormalities present 
during t he 2nd decade of life. (This figure is reproduced from t he 
Journa.l of the Na.tiona.l Cancer Institute [8).) 
and by the absence of accurate quantification of the patients' 
previous effective sun exposure. Nevertheless, we might expect 
the atrophic aspect of the chronic solar damage to be related to 
the cellular level of functional restoration of UVL-damaged 
DNA as indicated by t he post-UVL colony-forming abili ty of 
the fibroblasts (Fig 4) and by the survival of the lymphocyte 
cell lines after UVL irradiation. Thus, the atrophy of sun-
exposed XP epidermis (Fig 1) might reflect cellular sensitivity 
to the killing effects of UVL demonstrated in vitro (Fig 4). 
Ultraviolet-Light· Induced Mutations in Xeroderma 
Pigmentosum Cells 
In vitro studies have indicated [46,47] that fibroblasts from 
XP patients have a higher mutation frequency per unit of UVL 
than normal fibroblasts. Such increased mutability of XP cells 
might be the basis for several of the clinical findings in XP 
patients' sun-exposed skin. Thus, we can speculate that UVL-
induced somatic mutations in the stratum malpighii might give 
rise to malignant clones that develop into skin cancers. Fur-
thermore, UVL-induced mutations in melanocytes might give 
rise to freckles [1,12], senile lentigos, other pigmentation ab-
106 ROBBINS AND MOSHELL 
normalities [1,4,18), and pigmented growths, including malig-
nant melanomas (the incidence of which is very high in XP 
patients) (1). Mutation of dermal fibroblasts might result in 
abnormal metabolic processes that perhaps account in part for 
the basophilic degeneration of the collagen and for solar elas-
tosis. 
CONCLUSIONS 
Studies on defective UVL-induced UDS in XP cells, partic-
ularly in cell fusion experiments, have been very useful in the 
classification ofXP patients into complementation groups. Fur-
thermore, the correlation found between the post-UVL survival 
of XP cells and the patients' neurological abnormalities and 
acute sun sensitivity has provided further evidence that DNA-
repair-dependent processes are etiologically involved in the 
patients' clinical abnormalities. It should be noted, however, 
that several other methods have been applied to the study of 
defective DNA repair in XP cells . Such methods include host-
cell reactivation studies on irradiated DNA viruses [48-51) and 
purified viral DNA [52]; photoreactivation activity [53,54]; thy-
mine dimer release [55]; the disappeaJ"ance of endonuclease-
sensitive sites [56]; and DNA-carcinogen adducts [43,57]. It 
appears that there are multiple pathways for the repair of 
damaged human DNA [8,43). Identification, isolation, and pu-
rification of the different DNA repair factors and enzymes 
involved in the repair of human DNA are essential for a full 
understanding of the molecular mechanisms of DNA repair 
processes. The availability of well-characterized XP cells, with 
their inherited defects in DNA repair processes, will continue 
to accelerate progress toward these goals. 
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Fourth Hawaiian Dermatology Seminar 
The fourth annual Dermatology Seminar will be held in Maui, Hawaii, February 15-20, 1980. This 
limi ted em-oLlment postgraduate course is sponsored by the Cleveland Clinic, Northwestern University 
and University of California Medical School (San Francisco) Departments of Dermatology. Speakers 
include the faculty of those departments; guest faculty include Drs. A. Kligman and B. Ackerman. The 
' course will be preceded by a Primary Care in Dermatology program at Oahu on February 12-15. For 
.registration information and a preliminary program, write: Department of Dermatology, Northwestern 
Unive rsir,y Medical School, 303 E. Chicago Ave, Chicago, IL 60611. 
